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1 Introduction

Tactile sensing, as the name suggests, pertains to perception by "touch', i.e. the

sensing of certain qualities by a direct contact between the "object" and the "sub-

ject." These qualities might include: shape, pressure distribution, texture, tern-

perature, thermal conductivity, moisture, slippage, and vibrations. In general, any

feature which requires direct contact with the object could be called a t_ti[e/e_ure.

The "subject" of interest here is a robotic system. Although the features mentioned

above are drawn mainly from human tactile sensing, they could easily be extended

depending on the capabilities and needs of the system under consideration.

Harmon in [16],[17] makes a distinction between "simple touch" and "tactile

sensing." He defines tactile sensing as the continuous variable sensing of forces in

an array, as opposed to simple touch, which is defined as force sensing at a single

point or binary( on/off ) sensing at multiple points. Note that Harmon refers to

force sensing only, which besides being the most important tactile feature is aiso

reflective of the current state-of-the-art.

To see how and where tactile sensing fits in a robotic system, consider the model

shown in Fig.ill. The robot gains information about the external world through

a set of sensors and a preprocessing unit. Following this, the computer with the

help of the knowledge base ( which it may also update occasionany ), directs the

manipulators to perform certain actions on the external world. The decision making

process of the computer may be fully programmed ( fully automated system ) or may

require human interaction from time to time( semi-automated system ). Given the

above set-up, tactile sensors can form an integral part of the sensing requirements

of a robotic system, especially if these sensors are placed on the manipulators which

would come in contact with the objects.

A distinguishing characteristic between different robotic systems is whether or
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not they perform any kind of object recognition. Typically, the issues addressed

in a task involving only simple manipulations of an object will be: grasping the

object properly and maneouvering it around in a stable fashion. These would em-

phasise factors of position, orientation, force distribution, slippage etc. This is quite

different from the requirements of a recognition task which should typically be in-

dependent of the above factors. It is pomible to combine these two modes together

to make a more powerful system. For instance, object recognition may be necessary

prior to proper manipulation of the object. A knowledge of the object helps to de-

termine the appropriate grip point& On the other hand, one might want to "feel"

around the object in order to perform the recognition task.

Most of the current thrust for the development of tactile sensors is comin_ from

the robotics area where object manipulation is the main concern. Another area

of application, which is providing impetus to the development of tactile sensors, is

prosthetics. The development of these sensors makes available an entirely new type

of information which can be used to supplement and/or complement =vision j or

any other type of object recognition sensors.

Our objective in this paper is to review some of the existing or proposed tactile

sensors and to give some typical recognition systems that have attempted to use

tactile sensing. This paper does not describe the aspects related to grasping, etc.,

which are not very relevant to a recognition system ( Refer to [3], [13], [25] for some

issues related to grasping).

First, general considerations involved in tactile sensing and various performance

criteria are dL_ussed. Typical specifications to be expected from these sensorsare

also described. Thereafter, a representative set of present day tactile sensors is

studied. Finally, some of the proposed recognitioe systems using tactile sensing are

described. The last part is basically meant to give the reader a famili_ity with these
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systems and may be used as a guideline in their design. Very little has been done

till now to effectively combine tactile sensing with other sources of information, like

vision. Increasing research interest in this area should yield important results.

2 Tactile Sensors - Some General Considerations

This section discusses the issues that are important in the design and evaluation of a

tactile sensor and of systems employing tactile sensing. There is no real order since

these issues are disconnected, and the following material is just an enumeration of

such factors.

Location: A tactile sensor has to come in direct contact with the object.

The obvious place to locate tactile sensors in a robot is the manipulators since

they come in contact with the object, or could be easily maneouvered to do so.

One might make an extension from the human skin, and place such sensors

elsewhere on the robot but it is clear that sensors will be of maximum use on

the manipulators.

• Sensor Array: Considerations of implementation and the need for com-

puter processing of the output data lead to the discretization of this 2-D sens-

ing into a kind of array format. The proper density of the individual tactile

elements ( taxels ) in the array will be determined by the Nyquist rate of sam-

piing, i.e. according to the bandwidth of the 2-D spatial Fourier transform.

In most cases, however, technology determines the spatial resolution which in

turn then limits the kind of tactile images that the sensor can properly sense.

• Preproce_ing and Communication: Before the main recognition pro-

cess is carried out on the data available from these tactile sensors, a certain
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amount of pre-procesaingmay be needed.This could, for instance, be a kind

of filter which takes care of the spatial responseof the sensor array, or a Un-

eariser to take care of the non-Unearities. To communicate the data easily

multiplexing can be done to avoid a mass of wires leading from the sensor. It

is useful and convenient to integrate the circuitry required for this with the

sensor itself. Some current sensors have attempted to do this [24].

• Composite Sensors: As has been pointed out, there are numerous features

which are amenable to tactile sensing. Depending on need, a whole bank of

different sensor types should be combined in the same physical space. When

considering a requirement of a large dynamic range ( or any other criteria ),

and faced with the non-availability of any such single sensor, it might be

possible to achieve the required performance by combining sensors which take

care of different subranges independently and of the whole put together.

Although most of the state-of-the-art sensors cannot claim such a composite

nature, some recent developments show a trend in that direction [10]. As

the tactile sensing requirements become more sophisticated, there will be a

stronger emphasis on such composite sensors.

• Skin Stiffness: The state-of-the-art tactile sensors focus primarily on sens-

ing pressure distribution on the contact surface. Most employ an elastically

deformable layer whose thickness varies in accordance with the pressure at

that point. This variation in thickness is then measured using a transduc-

tion principle. A consideration that arises in the specific context of pressure

sensing is the skin stiffness, i.e. the stiffness of the above mentioned elastic

layer. Since the object is subjected to the same pressure distribution as the

tactile sensor, the skin stiffness along with the total contact force determines

4 Tset|le Sensing
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the deformation of the object itself. This will clearly affect the tactile data

coming in, and also might reflect a desirable/undesirable state of affairs in

terms of object handling. The pressure ( and thus deformation ) distribution

on the elastic layer reflects information both about the shape and hardness of

the object surface. The skin stiffness may be used to obtain a desirable com-

bination of the two. The dominance of the shape information can be obtained

by using a "soft" skin. Note this entire argument is based on the relative

hardness of the object and the elastic layer.

2.1 Performance Criteria

Before describing some actual sensors, it is important to estab_h common ground

for the basis of evaluation and comparison of these sensors. Presented in this sec-

tion are significant criteria for tactile sensors. It is also noteworthy that some of

these criteria are related and interdependent. Often there is a trade-off between

them. Unfortunately, most of the sensors which have been described have not been

extensively evaluated. There is no standard set of well defined criteria which permit

an easy comparison of tactile sensors. However as these products proliferate and

become more available commercially, their specification sheets would reflect such

standards. Note that some of the factors Listed here might be specific to pressure

sensing.

• sensitivity

• dyn_c range

• linearity/non- linearity

• drift

Tactile Sensing 5
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• signal/noise ratio

• susceptibility to external inference

• response time/recovery time

• spatial resolution and slse

• spatial response

• measurement speed

• defect tolerance

• re/]abmty

• robustness

• overall sise and weight

• preprocessing/communication capability

• elastic properties, hysteresis, etc.

These criteria for performance evaluation are essentially common to any trans-

ducer and for further details any book on measurement or transducers such as [11]

may be rderred to.

Harmon [16],[17] did an extensive survey of the needs and requirements of tactile

sensing both with regards to research and industrial applications. A brief summary

of his "ideal w tactile sensor is included in the table of sensor specifications.

6 Tactile Sensing
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3 Some Typical Current or Proposed Tactile Sen-

8or8

Described in this section is current or proposed tactile sensors. This is a represen-

tative list showing a variety of transduction principles and bringing out a number

of important characteristics, i.e. preprocessing, composite sensing, etc. However, it

is not meant to be an exhaustive survey. Some performance measures are also given

for each of these sensors. Since a standardized list of criteria does not exist and

most of these sensors are currently being researched, an authentic comparison is

impossible. Some qualitative remarks are made about the relative weak and strong

points. This is presented in the form of a table.

lo Capacitive Impedance sensor: ( Bole [8] )

Fig.[2] illustrates an exploded view of a sample robotic touch sensor developed

by Bole. The topmost layer is a compliant glove that contacts objects and

transmits via its elastic constant the contacting force distribution to the elas-

tic/dielectric layer below. The lower layer is rigidly supported by the printed

circuit board. The glove and dielectric layer can be viewed as two springs

in series under compression where the force information is obtalned by mea-

suring the displacement of the dielectric spring. The mechanical point-spread

function of the glove can be narrowed, if desired, by suitably segmenting the

glove material.

Orthogonal sets of conductive strips are arranged on the upper and lower

surfarzs of the elastic layer. A sampling of the layer thickness map is obtained

by measuring the array of capacitors formed by the crossing areas, A_j , of

row and column strips. The strip widths and spacing along with any point

Tactile Sensing 7
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force spreading in the structure determine the spatial sampLing and resolution.

The time required to measure all capacitors determines the temporal sampling.

The radio frequency source, V, cos(_,t), is connected to the lower set of strips

via analog multiplexer "tTM. The multiplexer "f' connects pads to the mnpLifier

input node. The pads are capacitlvely coupled to the upper strips via an

inactive region of the elastic/dielectric layer. This contactless arrangement

is an important feature of this method. Cross talk signals are reduced by

connecting the unselected strips and pads to ground potential. For each pair

of multiplexer addresses (i, j) the r.f. source voltage is connected through

the capacitance C(i, i) of strip i to strip j to the input node of the amplifier.

(The strip to pad capacitance is arranged to be sufficiently large.) The output

signal of the amplifier, VA(i,j,t), is related to the strip to strip capacitance

by,

VA( ,j, t) = -Vv  coa( ot)

where CA is the capacitance in feedback. C(i, j) is related to the localized

layer thickness change by,

KA

c(i,/) =

where A is the strips crossing area, K is the relative dielectric constant, e°

is the permitivity of vacuum, do is the unloaded layer thickness. The local

sampled force is described by the relationship,

F(i,j) =

where _ is the dielectric/elastic layer spring constant.

The applied force is Linearly related to measures of the reciprocal croesin_

capacitances with a constraint of fixed layer constants. Each crossing capaci-

tance, independent of the shunt dielectric loss and series switch resistances, is

8 Tactile Sensing
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measured in turn by phase sensitive detection during the interval T,, between

sequential address advances.

Cross layer capacitive impedance sensing is a favorable choice in many re-

spects. The elastic materials need not be modified. Desirable mechanical

properties are generally coherent with low dielectric loss. The method has the

virtues of a parametric measurement, that is, the output signal is proportional

to the displacement times the drive signal. Capacitors are non-dissipative el-

ements and so generate no noise. Thus, capacitive sensing has demonstrated

to have marked advantage in terms of signal to noise ratio and measurement

speed. However, capacitive sensing has not fared well in robotics literature to

date, where it is described as inappropriate because of noise ( Refer to [17] ).

This misconception has resulted from confusing man-made interference, which

can be reduced to negligible levels by proper shielding and connection, and

with intrinsic noise related to the basic nature of the detection process. Boie

[8] discusses some of the dependence and trade off involved between noise,

resolution and dynamic range.

2. A Capacitive Silicon Tactile Imaging Array: ( Chun & Wise [9])

This tactile sensor was developed at the University of Michigan. Fignre[3]

shows the cross-section and the layout of the proposed capacitive tactile imag-

ing array. The basic cell is formed between a selectively-etched, boron-doped

thin silicon diaphragm, which moves in response to applied force, and a met-

alized pattern on an opposing glass substrate to which the silicon substrate

is electrostatic_ly bonded. Silicon dioxide is used to isolate the transducer's

plates on the silicon from the substrate and to let them function as isolated

row lines. In the layout, row conductors are run vertically across the s]li-

Tactile Sensing 2
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con wafer in slots which are simple extensions of the capacitive gap recess.

Metal column lines run horisontally on the gla_, under recesses in the silicon,

expanding to form capacitor plates over the cell areas. Thus, a simple X-Y

capacitive keyboard is formed which has precisely controlled dimensions and

a force sensitivity set by the thickness of the silicon plate.

A perforated cover plate is overlayed on the array for protection. This plate

is in turn covered by a compliant, replaceable pad and outer skin. If the

compliance is high this pad can be slit to decrease blooming of applied local

force. The access holes coupling force to the cell are filled with a substance

( such as silastic ) which acts as a force transmitter. Effort has been made here

to minimise the importance of the pad on determining the performance of the

overall array, since such pads are known to be the performance-limiting factor

in most reported designs. The dominant structure in determining overall force

sensitivity is the silicon diaphragm, whose properties can be well controlled,

e_ly scaled for v'_'ious applications, and are known to be stable over time

and free of hysteresis. While pad designs vary widely for applications which

range from enveloping grasp to surface texture measurement, the important

feature of this basic cell is that the pad is used only for force transmission and

plays a relatively minor mechanical role.

The array is read out using a switched capacitor charge integrator giving a

resolution of more than 8 bits. In order to simplify the sensor design and

fabrication, the readout scheme makes use of o/_-chip electronics to take care

of all multiplexing/preproce_ing.

10 Tactile Sensing
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3. VLSI Tactile Sensing Computer: ( Raibert & Tanner [24])

This tactile sensor makes use of the VLSI technology to combine transduc-

tion, tactile image processing, and communication; thus creating a very effec-

tive intermarriage between transducer and preprocessing requirements. Fig.J4]

illustrates the physical structure of the proposed tactile sensor. A sheet of con-

ductive plastic is placed in surface-to-surface contact with a custom-designed

VLSI circuit. Large metal electrodes are formed on the surface of the inte-

grated circuit by patterning the circuit's superficial metalization layer. Analog

and digital computing elements are present within the structure. Windows

in the "overgiau', an insulating layer of SiO=, normally placed on integrated

circuits for protection, allow selective contact between plastic and circuit.

Where windows are present, current flows between the sensing electrodes and

the conductive plastic. Where no windows axe present, the overglmm insulates

the integrated circuitry from the conductive plastic.

Tactile forces are transduced by measuring changes in sheet resistivity of the

conductive plastic as it is deformed by pressure. To measure the magnitude

of deformation and pressure at each point, small test currents are passed from

each pair of electrodes through a local region of conductive plastic.

The microelectronic8 within the device form an array of elements that per-

forms a number of sensing and computing operations within the tactile sensor.

Once signals proportional to force are generated, circuitry within each cell dig-

itizes and performs computations upon the resulting data. Filtering and sim-

ple feature extraction operations are implemented with these computations.

Because each tactile cell traneduces its own data and a sept-ate computing

element is provided for each tactile cell, par_lel processing is implemented in

a natural way. Once data are processed the results must be m_cie available

Tactile Sensing 11
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to a host computer or controller. This is done by shifting data from tactile

cell to tactile cell until all data has reached the periphery of the zrray. There

they are serialised for transmission to the host. For further details of the

computing structure refer to [24].

Some comments:

• Speed: Considering the margin between typical VLSI system* which Ol>-

erate around 1 ps and manipulator controllers which operate in the $-20

ms range, speed was sacrificed for circuit area thus le_Ung to serialisa-

tion of many functions. Note once again that the design was primarily

intended for manipulation, and if the real time recognition task imposes

more severe requirements this point may have to be reconsidered.

• Defect tolerance: The need for large arrays would require that large

portions of the wafer be defect free, that is, no defective cell can be

present if the overall array is to operate correctly. However, with the

present state of art in VLSI this is a severe requirement. An alternative

to this is fabricating sensors with redundancy. A redundancy of one

allows up to I000 elements per array within a reasonable probability

( a_uming a Poisson distribution - see [24] ). However, this technique

cannot be extended beyond one redundancy because of the increase in

complexity. Another alternative is to use _Igorithm* which can tolerate

defects. This is viable only if defects in one cell do not block transmission

of data from other working cells ( stripe defects ). Solutions to this are

_'_in discu_ed in [24].

12 Tsctlle Sensing
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4. A high resolution sensor: ( W. Daniel Hillis [24] )

The tactile array sensor ( Fig.J5] ) developed by _ basically consists of

two conductive components: a flexible printed circuit board and a sheet of

anistropically conductive silicone rubber ( ACS ). The ACS has the peculiar

property of being electrically conductive along only one axis in the plane of

the sheet. The printed circuit board is etched into fine parallel lines, so it

too conducts in only one dimension. The two components are placed into

contact wlth lines on the printed circuit board perpendicular to the ACS axis

of conduction. ( The ACS is mounted so that its edges fold around the printed

circuit ( PC2 ) where they are pressed against contact fingers on the other

side.) The contact points at each intersection of the perpendicular conductors

form the pressure sensing cells.

The device also includes a separator to pull the conducting layers apart when

pressure is released. The sensitivity and range of the sensor depend largely

on the construction of this intervening layer. There is a tr-_de-o/f between

sensitivity and range. For a large pressure range, the best separator tested was

the woven mesh of a nylon stocking. For high sensitivity, a separator may be

deposited directly onto ACS by spraying it with a fine mist of nonconductive

paint. The conductive rubber presses through the separator so that the area

of contact, and hence the contact resistance, varies with the applied pressure.

The pressure/resistance relation is non-linear and, moreover, there is no known

model to describe the relationship. However, the relationship has been de-

termined empirically and seems to be a stable characteristic after an initial

setting period. The array can be scanned by applying a voltage to one column

at a time and measuring the current flow in each row. A potential problem

with this method is the introduction of "phantom" tactile images which take

Taet|le Sensing 13
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place when it is not possible to distinguish betweenconduction along two or

more different paths. This has been overcome by using an approach similar

to the voltage mirror approach [24].

s. Torque sensitive sensor: ( Hackwood et. al. [15] )

This tactile sensor, unlike most of the others, is sensitive to torque, as well

as to normal and tangential forces. A schematic diagram of the sensor array

is shown in Fig.J6]. Each element in the array is composed of three parts:

(I) a magnetic dipole, (2) being embedded in a compliant medium and (3) a

substrate containing magnetic sensors. The dipole in the compliant medium

and the magnetic sensors are in parallel planes. The relative configuration

of the magnetic sensors and the dipole is shown in Fig.J6]. These sensors

employ the magnetoresistive effect and are thus able to detect both a dipole

translation and rotation in the plane panlh] to the substrate in contrast to

the ones which use Hall effect which is sensitive to dipole translation only.

For each tactile element there is four magnetoresistive sensors arranged on

the substrate aa shown in Fig.J7]. The resistance along the major axis of

these sensors is a function of the magnetisation parallel to it. The difference

between the detected four resistances allow reconstruction of four degrees of

freedom of dipole motion, i.e., translation in the X,Y,Z direction and torque

about the Z axis.

The inherent problem of hysteresis in these type of sensors can be overcome

by using the magnetic bubble memory technology. Each of these sensors can

be addressed separately. Finally, the compliant medium can be tailored to

the particular pressure sensitivity requirement ( tFpica]ly I - lOO9/mm 2 for

robotic applications ).

14 Tactile Sensing
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Somecomments:

• The compliant medium usedwasSylgrad which hasgoodelastic and ther-

ms] properties. The compliant medium can produce hysteresis, however,

the choice is not as restricted as in the elasto-optlc tactile sensors which

require the material to have special optical properties.

• Temperature compensation of the resistors can also be done to take care

of temperature variations due to friction, etc.

6. All digit VLSI sensor: ( Raibert [23] )

This tactile sensor overcomes some of the drawbacks of the sensors described

previously. Specifically it obviates the need for conductive el_stomers by us-

ing a switch closure type technique. This method also does the analog to

digital conversion totally mechanically thereby eliminating the need for any

analog circuitry. Thus, one avoids the problem of combining the digital cir-

cuitry needed for preprocessing with any analog circuitry on the same VLSI

substrate.

Fig.J8]& [O]show the basictransductlonmethod employed in thissensor.

The basicprincipleused isthat the depth of penetrationof a layerof e2astic

pressedagainsta holeon a rigidsurfaceisdirectlyproportionalto the applied

pressureand the radiusof the hole. One could define "contactpressure_'as

the pressurerequiredso that the elasticlayerjust touchesthe bottom of the

hole.Ifthe depth ofthe holeisfixed,thiscontact pressurewillbe a function

of the sizeof the hole. Ifan electrodewere to be placed at the bottom of

the hole and the undersideof the elasticcoated with a conducting medium,

then when the appliedpressureexceeds the above defined Contact pressure

the switch would close.One could have a bank ofsuch holesofdifferentsizes

Tactile Sensing 15
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and thus with different contact pressuresand this would then quantise the

applied pressure to whatever resolution is desired.

This transducer basically uses the same principle but with a more compact

design. A tapered hole with many sensing electrodes is employed which avoids

the use of many holes of different sises ( Fig.[10] ). An electrode in the narrow

region of the notch wit! be touched by the grounded elastic material only when

the pressure is large, while an electrode in the wide region of the notch will

be touched even if the pressure is small.

The taper of the notch can be designed to obtain the kind of response char-

acteristic desired. The raw data is encoded into 4 bits/cell ( 15 contact elec-

trodes ), converted into serial form and finally multiplexed with the data from

the other cells.

This sensor is still in the development stage so the specifications are subject

to change.

7. Ferroelectric polymer tactile sensors with anthropomorphic fea-

tures: ( Dario, Rossi et. a]. [10] )

By attempting to combine various different sensing elements which operate

in different frequency, sensitivity/dynamic range and even sense different fen-

tures, this tactile sensor is a significant step forward when compared with the

previously described sensors.

This sensor comes from the bioengineering circles and is designed as much

for applications in prosthetics as it is for robotics. Thus there is a natural

inclination to mimic the skin, which even otherwise might be a useful model.

For this reason the reader might llke to refer to the literature on human tactile

sensing [26] to better appreciate the design ideology.

16 Taetlle Sensing
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A cross-section of the tactile sensor describing its different components k

shown in Fig.Ill]. It consists of three basic transduction layers mounted on

a rigid printed circuit board which can be either fiat or curved in order to

conform to the shape of an artificial fingertip. The printed circuit board has

a pattern of electrodes defined on the upper aide through metallzed _oles.

A thick PVF= sheet intended to reproduce _dermal" receptors is bonded to

the printed circuit board. When the PVF: film is pressed, electric charge

is generated by the piezoelectric effect and a voltage can be measured be-

tween the upper and each lower electrode ( to which the charge is transferred

capacltively ).

A layer of pressure sensitive conductive silicone rubber is laid onto the PVF2

film, which can have a small number of electrodes deposited either on both

surfaces or on a flexible printed circuit with which the r,_bber is in contact

on the bottom aide. A suitable measuring circuit can detect the variation of

electric resistance between the electrodes and provide a measurement of the

pressure exerted by the object on the tactile sensor. This layer is affected

by several problems peculiar to the presently available conductive rubbers i.e.

drift, hysteresis, long time constant, poor mechanical properties, etc. However

it is a very important supplement to the PVF= layer as it is able to measure

truly static contact pressure that PVF_, being a piezo-electric material, is

inherently not able to detect. It also shields the bottom PVF2 layer from

sudden external temperature variations.

A third layer on the top of the laminated transducer structure is ahned to

detect very small pressure variations or vibrations as needed for texture anal-

ysis. This sensor layer is made of a thin film of PVF2 that, being backed

by the rubber layer, works primarily as a membrane and is therefore sensi-

Tactile Sensing 17
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rive to small forces. The operation of such surface sensor might not require

very high spatial resolution. It is possible to define various patterns of largely

spaced sensor elements on the PVF2 film by selective polling. In this config-

uration, while the upper side of the PVF= film could be uniformly metaUzed

and grounded for better shielding, a pattern of electrodes corresponding to the

sensors and related thin, signal transmission tracks could be deposited on the

bottom side. Proper connection pads could be provided along the perimeter

of the PV F= film.

After electric isolation with a Mylar film, some of the PVF_ sensor elements

can be backed with a thin layer of resistive paint that, connected to a DC power

supply, can heat the PVF2 sensors up to a temperature of about 37°C. When

a sensor element touches an object, heat IS drained from the heated element at

a rate which depends upon the thermal conductivity of the material of which

the object IS made. Temperature variation rate is detected by the PYF2

sensor via the pyroelectric effect. The resulting signal will be the resultant

of the pyroelectric signal and of the piezoelectric signal originated by object

pressure.

A composite, multi-element transducer like this one requires rather complex

electronic circuitry in order to amplify and preprocess the signal originated

from the various sensing elements.

Conductive rubber sensors can be read quite conventionally by monitoring the

change in resistance via suitable current sensing devices. Arrays of piesoresis-

tire sensors can also be scanned and outputs presented sequentially without

significant crosstalk between the sensing elements.

18 Tactile Sensing
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Piesoelectric transducers are charge generators. Being high impedance de-

vices, signal amplification is, in genera], more delicate for them than for

piesoresistive transducers, especially when very low frequency operation is re-

quired. Careful shielding from electrical interference and use of coaxial cables

axe mandatory to improve signal to noise ratio. Either high input impedance

voltage amplifiers or charge amplifiers should be connected to piezoelectric

transducers. However, the high cost of good quality amplifiers of such type

prohibits the use of individual amplifiers for each ceil. Therefore, a more

practical solution based on multiplexing circuits which sequentially connect

the output of each sensor to a single, high quality FET-input operational

amplifier is employed.

S. Lord Tactile Sensor 200 (LTS200) :

This is a commercially available tactile sensor and is fairly representative of the

state-of-the-art tactile sensor technology. It is a deflectometer type of sensor

and works on the principle described in Figure[12]. An applied force depresses

a rubber spring, and the compression of the spring is measured by the partial

interruption of the light beam. Therefore, the sensor actually incorporates

traneduction at three levels: (I) the transduction from force to displacement

of the pin attached to the spring; (2) the change in the light level striking

the electro-optic detector due to the displacement of the pin; and (3) the

transduction that takes place in the photodetector, which varies the output

electrical current as a function of the light striking its surface. All three

of these transduction processes must be controlled and all contribute to the

determination of the sensitivity of the measurement. Despite the complexity of

the relationships involved in these compound transductions, the device is still
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basically a defiectometer, it measures deflection derived from a force applied

to its surface.

This lightweight sensor features a compliant, very low hysteresis touch surface

with high strength, tear and abrasion resistance. A microprocessor based

interface unit supports the sensor. The interface unit accepts commands from

the host and preproceues data, makes calibration corrections and provides

several options for data readout. The communication between the interface

unit and the host system takes place on a RS-232C link.

$.1 Remarks

The different tranaduction principles which can be used for tactile sensing is virtually

unlimited. This is clear from the divensity of techniques used in the sensors described

above.

One of the interesting facts to be noted is the realkation of "smart" sensors

which use a VLSI base with local circuitry permitting necessary preproce_ing ( in

a parallel fashion which the main computer might not be able to do ) and simplifi-

cation of communication of data. This kind of an active substrate can, in principle,

be used ( instead of a passive PCB ) with virtually any transduction technique.

Another significant development is that of composite transducers which combine

different transducer layere which supplement and complement each other.

These two developments in essence should make the realisation of truly powerful

sensors possible. It would bear repeating that the list of sensors described is by no

means exhaustive but only representative. Moreover, since most of these were still

at the research and development stage ( and definitely nowhere near commercial

production ) their specifications were only typical and could be modified. A limi-

tation of such a description is that it does not give a clear quantitative picture of
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4 Recognition Using Tactile Sensing

Tactile sensing, by providing another means to acquire information about the ex-

ternal world, could both supplement and complement other sensory information

llke vision, and thus be useful in many tasks of a robot. Considering the nature of

information sensed, it could help in the proper grasping and handling of objects by

providing a direct feedback of the force distribution. Alternately it could provide a

direct measurement of certain features i.e. texture and shape ( maybe only partial )

and thus help recognize an object. The two tasks mentioned above might also be

combined in a natural way; for instance, in a bin sorting problem an object has to

be handled and identified at the same time, or it may be that before handling an

objectitmight be necessaryto recognisethe objector viceversa,that isin order

to identifyan objectitmight be necessaryto "feel"it.

Most of the researchso fax has been on the use of tactilesensingfor object

recognition,and although thisusuallyinvolvesthe need to grasp the object and

possiblyhandle itas well,we shaJlconcentratehere on the basicissueofrecognition

and only make referencesto the relevantwork on grasping.

The problem of object recognitionis a long standing one, and has received

considerableattentionparticularlyfrom the computer visiongroup. Conceptually

the problem is as follows:on the one hand we have some knowledge about the

objectsto be recognisedin the form of models ( statisticMor deterministic) and on

the other we have some "sensedinformMion I. Itisthe goalofthe objectrecognition

system to match the two.

However, in spiteof itsconceptuM simplicity,the task is a herculean one in
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practice. It is not so much a problem of having Insufficient information as it is

of finding suitable methods to use this information. Most often the information is

implicit and not explicit. Consider as an abstraction a function y = f(z) where

z and y can be from any abstract set, and then consider the problem of finding z

given y. H we know the inverse function ( may not be one to one ) we can explicitly

find out z in terms of y to within the given multiplicity. However, if the inverse

function is not known explicitly we have to scan the entire domain of z to find

the solution. The problem in object recognition is very similar. What is therefore

required to perform object recognition is some kind of a search technique, and the

larger the search space and the range of sensing information available, the more

time is required to come to a solution. To compound matters, usually noise is also

present in the observation. Thus, usually the goal is to discover efficient heuristics

to find what is called a "s_tisfying solution" instead of an "optima] solution'. Refer

to the paper by Besl and Jain [7] for a detailed discussion of the 3D recognition

problem.

Moreover, if we permit active sensing we add an additional degree of freedom.

This could be an additions/nu_ance to deal with as we now have an additional

parameter that needs to be controlled and we also have to handle all the extra

information that is now available. However, if used judiciously it could not only

provide greater information, but may also reduce the time required to search for a

good solution.

In this perspective, tactile sensing could be used alone or along with other sen-

sory information like vision for the recognition task. Moreover, we could do with a

single tactile image ( passive sensing ) or with multiple images ( active sensing ).

Before getting into the details of some of the suggested schemes, it would be worth-

while at this stage to point out some of the salient features of tactile sensing which
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distinguish it from vision which, up tm now, has been the single most important

sensing modality for the recognition task.

Machine vision is a very rich sensing medium, able to provide large amounts of

data very rapidly. V'u_on by its very nature is a sensing of the brightness ( or light

intensity ) in the field of view, and thus is a recording of various factors like surface

geometry, reflectance and illumination. All of these effects can be tightly coupled

in an image and can be dlfScult to separate. Thus interpreting 2D objects is fine

in as much as they can be distinguished by their differences in reflectance charac-

teristics. However when considering 3D objects there is some kind of a projection

mechanism which comes into play thereby losing out the third dimension. Much

of machine vision processing is involved with recapturing this lost dimer_ion. As

stated previously, the sensed feature, intensity of light, is a function of many tightly

coupled factors, and this further compounds the problem.

On the other hand, tactile sensing is a much slower process with much less

information content as it is gener-__lly able to _view" or more aptly "feel" only a

small portion of the object. However, it is able to sense directly the 3D shape of

an object, which reduces a lot of time consuming processing. There is less noise

in the process and there is no coupling effect. Tactile is an active sensing medium

requiring a large degree of control, which has traditionally been the most difficult

problem in robotics applications. To make better use of the information av_lable

it is important to consider the sensory data available from joints and limbs about

position, orientation, velocib/, forces, etc..

4.1 Recognition Schemes Employing Only Tactile Sensing

Now we shaft look into some of the proposed schemes for object recognition using

tactile sensing. A possible way to reduce the av'_ilable information space and make
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it more tr-6ctable, would be to extract certain important features which still contain

enough information to discern between va.,-ious objects. The feature space could

then be used to find a solution. Many useful features have been considered in

vision, and some of these can be translated into the tactile domain. Others might

be p_-Licular to tactile sensing.

• Ellis [12] h_s extracted features from tactUe sensing like the ones listed below

for the purpose of object recognition:

- Thr_.-dimensional position of the area of contact of the sensor and object,

relative to the robot's base reference frame.

- A measure of the plana,'ity of the contact are;.

- If the contact is with a plane, the surface normal of that plane.

- Whether the _rea of contact seems to be an edge, rather than a gently

curved surface.

- Whether the contact is with a comer or vertex, r'6ther than _ gently-

curved surface.

- Whether there are slots present in the area being sensed.

- Whether there are holes present in the surface or edge being sensed

- A measure of the surface texture of the area of contact.

- An estimate of the radius of curvature of an edge or corner.

- The manner in which the object deforms in appl|cation to a force.

In this list, the last two definitely require active touch sensing. Texture, while

it can be measured passively, probably is better measured actively. However,

the features extracted using active sensing in this work basically involve V'd_-

ing the pressure with which the object is held which is a very simple scheme in
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the general domain of active sensing. Moreover, most of the features discussed

here are an extension from the vision area.

• Grimson and Losano-Peres [14] have described a scheme using tactile sensing

to identify and locate polyhedral objects with up to six degrees of freedom.

The inputs to their recognition system are: a set of sensed points and normals,

and a set of geometric object models for the known objects. The recognition

process proceeds in essentially the following two steps:

1. Generate Feasible Interpretations: A set of feasible interpretations of

the sense data is constructed. Interpretations inconsistent with local

constraints ( derived from the model ) on the sense data are discarded.

2. Model test: The feasible interpretations are tested for consistency with

surface equations obtained from the object models. An interpretation is

legal _' Jt is possible $o solve for a rotation and trans|atJon that would

place each sense point on an object surface. The sensed point must lie

'inside' the object face, not just on the surface.

The range of possible contact patterns between multiple sensors and complex

objects is highly variable and the rich geometric data available from object

models can be exploited to reduce the search space to more manageable lev-

ek. This method is an instance of a description-based recognition method.

However this differs from global feature-based or surface-based description

methods by relying only on sparse 3D pos|tions and surface normak, the kind

that is generally available from tactile sensors. This kind of description ( In-

terpretation Tree ) also makes possible the use of local constraints ( distance,

angle, direction ) in pruning and thus reducing the search space. Refer to [14]

for further details.
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4.2 Integrating Tactile Sensing With Vision

Next we discuss some schemes which combine tactile sensing with other modalities

like vision to perform the object recognition task.

• Luo, Tsal and Lin [21] have proposed a hierarchical object recognition system

which makes use of a deckion tree. F'wst recognition ( or partial recognition )

is attempted by using 2D visual information and then, if necessary, the 3D

tactile information is employed.

This scheme also uses a feature extraction method. Once the features have

been extracted, the decision tree is employed to identify the object. The

features used are the '_noment invariants w of object silhouette shapes. Refer

to [21] for details of the "moment invariants _. The recognition procedure

begins by taking the top-view visual image of the object ( after it is brought

right under the TV camera on the platform ). The object is then discriminated

against the features extracted from the visual image. If the object is not

discernible with its visual image alone, a pair of tactile images are then taken.

After more object features are extracted, the object is discriminated against

further. This step may have to be repeated more than once. If the object is

still not identifiable, the object may be moved into a different position, and

more images taken from thk new viewpoint.

The main problem that can be foreseen in using a decision tree type approach

is that it can be used in situations with certain restricted types of objects and

in general a yes/no type of decision is rather inaccurate and d_cult to make

when employing the decision tree to discern between different object types,

especially since the measurements are never noise-free.
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• Another schemewhich attempts to combine vision with tactile sensing has

been described by Allen [I]. The intention here k to form a 2_ sketch by

using surface descriptions, prior to the actual object recognition stage. The

motivation is drawn from an analogous stage in human perception of 3D oh-

jects.

A stereo image is obtained first. The 3D coordinates of contours and edges

can be calculated. There are, however, numerous candidates for filling in the

intervening surfaces. Using contour data alone, a singie surface patch ( bicubic

surface patches are used as pr'maitives here ) can be created which interpolates

the surface. It is unlikely that this surface will fit the real surface except at the

boundaries. By injecting tactile trace information into this set of boundary

curves, a better approximation to the real surface can be found. Since a level

I parametric surface based on boundary data alone exists, a tactile trace is

executed from the parametric midpoint of a boundary curve to the midpoint

of the opposing boundary curve. Successive refinement can be carried out in

this manner.

Matching, by using these partial surface descriptions, can now be performed.

This problem has been addressed separately. As in any matching scheme, a

transformation must be effected between the model in a canonical form and

the particular instance of object under scrutiny. It is here that tactile sensing

can be a further aid in the recognition process. If the object recognition system

makes a hypothesis about the nature of the object, tactile sensing can be used

to veery model features in the scene. Further, if the object recognition system

cannot decide amongst candidates, the tactile sensing system can be invoked

to arbitrate. This is another of active sensing that requires control strategies.
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4.$ Comments

Having discussed a few recognition systems, which make use of tactile sensing either

alone or in conjunction with vision, let us now consider some of the general issues

involved, and some basic guidelines for such a general purpose recognition system.

Since tactile sensing involves direct contact with the object, it is required to first

hq_ot m the object of interest and unlem the location of the object is fixed a priori,

it is perhaps useful to employ vision for this purpoee instead of _lindly" feeling

around. By using vision initially, an approximate description of the object can be

obtained. Since tactile sensing provides rather incomplete information about the

object ( unless the object sise is smaller than the sensor ) it is also a good scheme to

drive the tactile sensing. There should be a specific motivation behind any instance

of tactile sensing, i.e. verifying the location of a hypothesised surface or edge. A

description based approach could be used for this purpose, as adopted by Allen

[IJ. After having obtained an initial description based on vision alone, successive

refluements can be made by actively employing tactile sensing. Later on in the

matching stage, tactile sensing could a4U_in be used to resolve ambiguities or to

directly sense c_rtain dkcerning features. It seems desirable to have an objective

in mind while performing tactile sensing for the reasons cited previously ( partial

information ).

An important issue that surfaces in tactile sensing is "grasping" the object and

problems related to this issue when _feeling" an object. Some of these problems

have been addressed in [3], [13], [25].

A schema type approach as employed by Overton [22] could be a powerful way

of structuring the recognition process. The entire recognition process here is carried

out by a set of sequentially activated schemas. At each step, the result of one schema

activztes another appropriate schema depending on the knowledge base. Each of
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these schemas is a set of senslng and/or processing operations to be performed. All

the relevant side issues like positioning the sensors and grasping are resolved within

the schema, or by making calls to appropriate system routines.

It also seems clear that by exploiting the specific nature of the type of objects one

is expected to encounter, a much simpler and faster process could be implemented.

To overcome the inflexibility of such a domain dependent approach, the general

recognition system could be constructed in a hierarchical fashion by combining

simple subsystems.

It is possible to perform low level processing in parallel ( possibly by hardware ),

thereby greatly reducing the time required for recognition. These operations could

include various data driven feature extraction processes i.e. edge detection etc..
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